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ABSTRACT 
OBSERVATIONS OF NUCLEATION-MODE PARTICLE EVENTS AND 
CHARACTERIZATION OF ORGANIC ATMOSPHERIC PARTICULATE MATTER AT 
A RURAL NEW ENGLAND SITE 
by 
Philip Fulton Place Jr. 
University of New Hampshire, May 2009 
Air quality of New England reflects air quality of the eastern United States and 
Canada because of transport from these areas to New England. Particle number (PN) 
concentration, size distribution, and composition were observed in the winter/spring period at 
a rural New England site (Thompson Farm). Thirteen PN events identified on the basis of 
increased PN above the site average were investigated, with the majority of events 
originating from clean northwestern air masses. Steady particle growth rates were observed 
for events ranging between 0.9 and 5.5 nm hr"1. 
The organic composition of bulk aerosols were also investigated over a year (August 
2007 to August 2008), through measurements of organic carbon, elemental carbon, and 
water-soluble organic carbon (WSOC) from 24-hour samples. Annual means and seasonal 
trends are reported. ^-NMR showed little variation among functional groups present in 
WSOC on a seasonal basis but showed significant variation on a daily basis. 
viii 
INTRODUCTION 
Aerosols are defined as a metastable suspension of solid or liquid particles in a gas. 
Particulate matter refers to the suspended particles only, although it is common practice to 
use aerosol to refer only to the particulate component. The constituents of atmospheric 
aerosols can be broken down into two main categories: primary and secondary. Primary 
aerosols arise from particulate matter being directly emitted into the atmosphere from both 
natural and anthropogenic sources. Natural sources of these aerosols include sea spray/wave 
action, volcanic eruptions, and wind-driven lofting of soil dust. Anthropogenic sources 
include combustion emissions from industrial and residential sources as well as other human 
driven activities such as mining and construction. Secondary aerosols are formed in the 
atmosphere from gas-to-particle conversion processes. Homogeneous nucleation, the 
formation of completely new particulate matter from the condensation of either a 
condensable gas on itself (homogeneous homomolecular nucleation) or two or more gases 
condensing on themselves (homogeneous heteromolecular nucleation), is one such process. 
An example formation mechanism of secondary aerosol is homo- or heteromolecular 
condensation of gases onto/into a preexisting aerosol. 
Atmospheric aerosols typically range in size from a few nanometers to a few microns 
in diameter. Changes in the aerosol size distribution occur continuously in the atmosphere, 
with growth of particles occurring from uptake of condensable gases or particle coagulation. 
Particle shrinkage also occurs through evaporation of liquid components or sublimation of 
solid components. Certain aerosols are capable of activation to form cloud condensation 
nuclei (CCN) under a given supersaturation of water vapor or to act as ice nuclei (IN). The 
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ability of a given particle to activate into a CCN or act as an IN is dictated by particle size 
and composition and the amount of water supersaturation. 
The orders of magnitude in diameter over which aerosols exist have prompted 
operational ranges, referred to as modes, to be defined in order to separate particles into 
different classifications based upon their behavior and characteristics in the atmosphere. 
Aerosols are typically separated into coarse and fine modes. The coarse mode includes all 
particles larger than 2.5 urn in diameter; these particles typically arise from mechanical 
processes, such as wave breaking, volcanism, and wind-driven transport. Due to the large 
size of coarse mode particles, they account for a large portion of the total aerosol mass. In 
addition, they have large settling velocities, limiting their atmospheric lifetimes to the order 
of a day under most scenarios. 
The fine mode includes particles smaller than 2.5 um in diameter and is further 
subdivided into the nuclei and accumulation modes. The nuclei mode includes particles up 
to 100 nm in diameter and is split further into two parts: the nucleation mode, encompassing 
particles up to 10 nm in diameter, and the Aitken mode, which encompasses particles 
between 10 nm and 100 nm in diameter. These nuclei mode particles arise predominantly 
from homogeneous nucleation mechanisms, with the major loss process arising from 
coagulation with other particles. This mode accounts for the majority of the aerosol particles 
in the atmosphere on a number basis but accounts for only a small fraction of the aerosol 
total mass. The accumulation mode ranges from 0.1 um to 2.5 um in diameter and generally 
accounts for the largest fraction of the total aerosol surface area, providing a surface for 
relevant atmospheric reactions as well as a substantial portion of the total aerosol mass. The 
major sources of accumulation mode particles are growth of nuclei mode particles through 
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coagulation or uptake of condensable gases and direct emission from combustion sources. 
Coagulation and dry deposition are least efficient in this mode, allowing for longer 
atmospheric lifetimes, on the order of a week. This period corresponds roughly to rain event 
frequency because the dominant loss pathway for aerosols in this size range is wet 
deposition. 
Atmospheric aerosols are a major focus of research because of their ability to 
affect the Earth's radiative balance, to degrade visibility, to cause adverse health effects, and 
to alter atmospheric and precipitation chemistry [Charlson et al, 1992; Dockery et al, 1993; 
Holmes, 2007; IPCC, 2007]. New England is an ideal location to study aerosols because the 
air quality of New England is influenced by the Atlantic Ocean and seaboard, agricultural 
and industrialized areas of the Midwestern United States, and Northern Canada. 
Part one of this thesis investigates particle number (PN) concentrations, size 
distributions, and composition at the University of New Hampshire atmospheric observatory 
at Thompson Farm from 9 February to 4 April 2007. Thirteen PN events, defined by PN 
concentration statistics, were observed during this two-month period. Events were 
subdivided into five different types based on event duration and secondary measurements 
using the criteria of Ziemba et al. [2006]. In this study four of the five event types were 
observed, with the majority of events consisting of long-lived episodes, greater than five 
hours in duration, associated with air mass backward trajectories from the relatively clean 
northwest. During events (defined by increased number concentrations of nucleation-mode 
particles), particle size distributions showed particle growth of the nucleation-mode fraction. 
Particle diameter growth rates, determined from the geometric mean diameter of the 6-60 nm 
particle fraction, ranged between 0.9 and 5.5 nm hr"1. All events displayed steady particle 
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growth rates. Particle composition was measured with an Aerodyne quadrupole Aerosol 
Mass Spectrometer (Q-AMS), but particles during events did not grow significantly past the 
minimum size of detection for the Q-AMS. Also, preexisting aerosol concentrations (based 
on the Q-AMS), temperatures, and absolute humidities were all decreased on PN event days 
(compared to non-event days); in contrast, solar radiation was increased on event days. 
Finally, theoretical particle growth rates from oxidation products of SO2, toluene, isoprene, 
and terpenes were calculated and compared to measured growth rates. In total, these species 
were able to account for 1 to 33% of the observed growth. 
Part two of this thesis investigates the composition of bulk atmospheric organic 
particulate matter at the same site from August 2007 to August 2008. Measurements of 
organic carbon, elemental carbon, and water-soluble organic carbon were conducted based 
on 24-hour filter samples. Proton nuclear magnetic resonance spectra were also taken from 
the water-soluble fraction of the filters in order to investigate the functional group 
composition of the aerosol. Functional group analysis shows that the relative percentages of 
aliphatic hydrogen, arylic hydrogen, vinylic hydrogen, hydrogen associated with unsaturated 
carbons, and hydrogen associated with oxygen containing groups remained stable between 
seasons, with variations of less than five percent observed between the seasonal means. 
Daily variations, however, were relatively large, with the relative percentages of aliphatic 
hydrogen, arylic hydrogen, hydrogen associated with unsaturated carbons, and hydrogen 
associated with oxygen containing groups displaying large variations (larger than 18%). The 
relative percentage of vinylic hydrogen exhibited smaller variations, but it should be noted 
that the majority of the days did not exhibit the presence of vinylic hydrogen. 
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Understanding atmospheric particles has been a major focus of research in recent 
years because of their potential to cause adverse health effects, influence visibility, contribute 
to global climate forcing, and alter precipitation chemistry [Charlson et al., 1992; Dockery et 
al., 1993; Holmes, 2007; IPCC, 2007]. One method by which particles enter the atmosphere 
is via homogeneous nucleation, the formation of a completely new condensed phase via gas 
to particle conversion. Homogeneous nucleation events have been observed in numerous 
locations around the globe, from remote Arctic locations to heavily polluted urban centers 
[Weber et al, 1999; Komppula et al., 2003; Kulmala et al, 2004; Mozurkewich et al., 2004; 
Stonier et al., 2004; Vehkamaki et al., 2004; Holmes, 2007], suggesting that homogeneous 
nucleation is possible universally in the troposphere under favorable conditions. Such 
conditions possibly include strong solar radiation, low relative humidity, relatively low 
temperature, large atmospheric concentration of condensable gases, and small concentration 
of pre-existing aerosol surface area. For example, pre-existing aerosols scavenge 
condensable gases and decrease the likelihood of homogeneous nucleation [Birmili and 
Wiedensohler, 2000; Vehkamaki et al., 2004; Holmes, 2007]. The exact homogeneous 
nucleation mechanism is unknown. However, the primary mechanism has been theorized to 
involve a homogeneous heteromolecular conversion of sulfuric acid gas and water vapor, 
possibly involving a third molecule, potentially ammonia [Weber et al., 1998]. The gas 
6 
molecules are attracted to one another by inter-molecular forces and form stable clusters that 
further grow into aerosol particles once a critical cluster size is exceeded. 
Nuclei mode aerosols, those with diameters smaller than 100 nm, account for the 
majority of the aerosol particles in the atmosphere on a number basis. However, due to 
analytical constraints, homogeneous nucleation, which theoretically results in particle sizes 
of approximately 1 nm or even smaller [Holmes, 2007], is not observable directly. As a 
consequence, newly nucleated particles are not detectable until they grow past a diameter of 
approximately 3 nm [Holmes, 2007]. This process can take several hours after the initial 
nucleation event. Therefore, a previous homogeneous nucleation event generally can be 
detected only once the particles have grown beyond the detection threshold. By monitoring 
aerosol number concentrations and size distributions, however, previous particle formation 
and subsequent growth events can be detected. By combining these observations with 
measurements of other trace constituents and of meteorological data, aerosol formation 
pathways can be inferred. 
Previous work at the University of New Hampshire (UNH) atmospheric observatory 
at Thompson Farm (henceforth referred to simply as Thompson Farm) observed numerous 
elevated particle number (PN) concentration events based on counting statistics [Ziemba et 
ah, 2006]. The particles during these events were calculated to have diameters smaller than 
100 nm, suggesting they were newly formed, not transported great distances to the site. This 






Measurements were taken continuously at Thompson Farm through the UNH-
National Oceanic and Atmospheric Administration (NOAA) AIRMAP Cooperative Institute 
(henceforth referred to simply as AIRMAP) [DeBell et al., 2004a]. The site is located 24 m 
above sea level in Durham, NH, at 43.11°N, 70.95°W. The areas immediately surrounding 
Thompson Farm are composed of mixed forested areas and open fields. The site is 
regionally influenced by the agricultural and industrial activities of the Ohio River valley and 
midwestern United States, urban centers along the Atlantic seaboard, the Atlantic Ocean, and 
cleaner higher latitude areas of northern New England and Canada [Angevine et al., 2004; 
DeBell et al.; 2004b, Keim et al., 2005]. 
Instrumentation 
Particles were sampled from a common inlet 3.5 m above ground level (agl). A 
backing pump was used on the inlet line, and both PSD and particle composition instruments 
subsampled off the main line, using polypropylene tubing. Supplementary measurements 
(trace gas mixing ratios and additional particle properties) and PN concentrations were taken 
from an inlet located at 16 m agl, as previously described by Ziemba et al. [2006]. Particle 
size distributions were collected with a TSI (St. Paul, MN) model 8085 scanning nano 
differential mobility analyzer consisting of a TSI 3080 electrostatic classifier coupled to a 
TSI 3776 condensation particle counter (CPC) fitted with an impactor to exclude atmospheric 
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particles larger than 670 nm in diameter. Scan times were set for a 285-second up scan and a 
15-second retrace time; the following flows were used: 3.0 liters per minute (1pm) sheath air 
flow; 0.3 1pm aerosol air flow; 0.3 1pm CPC inlet flow; and 0.005 1pm CPC sample flow rate. 
The resulting differential mobility size range for the system was 5 to 160 nm. Calibration 
before the campaign was performed using National Institute of Standards-traceable 
polystyrene latex spheres. 
Particle composition was measured with an Aerodyne (Billerica, MA) quadrupole 
Aerosol Mass Spectrometer (Q-AMS) with 100% transmission efficiency for particles with 
aerodynamic diameters between 70 and 500 nm and decreased efficiencies for particles with 
aerodynamic diameters in the ranges of 40 to 70 nm and 500 to 1000 nm [Jayne et al, 2000]. 
To match the temporal resolution of the PSD measurements, Q-AMS measurements were 
averaged to five minute intervals. Cottrell et al. [2008] describe previous 
installation/operation of the Q-AMS at Thompson Farm; similar protocols for calibration, 
data analysis, etc. were performed in the current study. 
Data for trace gas mixing ratios (specifically sulfur dioxide (SO2), nitric oxide (NO), 
total reactive nitrogen (NOy), and ozone (O3)), meteorology, and other supplementary 
information (photolysis rate of nitrogen dioxide (JN02) and particle absorption coefficient 
(<*ab)) were supplied by AIRMAP. Details of these measurements may be found in Table 1 of 
Ziemba et al. [2006]. Measured mixing ratios for terpenes, isoprene, and toluene were taken 
from an AIRMAP proton-transfer-reaction mass spectrometer dataset [Talbot et al., 2005; 
Jordan et al., 2009]. 
Analysis 
PN Event Classification 
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Particle events were identified and classified based on the criteria of Ziemba et al. 
[2006]. Event days were identified as those with PN values continuously exceeding a 
statistical PN threshold for at least two hours. The threshold is calculated as the median PN 
concentration for the period (9 February to 4 April 2007) plus twice the standard deviation 
(SD). In this study, the median PN concentration of 6,406 cm'3 and a SD of 4,294 cm'3 
yielded a PN event threshold of 14,994 cm"3. Event days then are classified further by event 
duration and by coinciding increases in concentrations of SO2 or other primary pollutants. 
The duration of PN events was determined from visual examination based on the 
initial increase over the PN threshold and a steady return to below the PN threshold. A 
second threshold of five hours was set based on previous observations of nucleation events 
[Birmili and Wiedensohler, 2000; Vehkamdki et al, 2004; Ziemba et al, 2006] to separate 
the long-lived regional scale events (types A and B) from short-lived localized or less-
regional events (types C and D). High SO2 events (types B and D) were defined by daytime 
(1500-2100 UTC or 1000-1600 local EST) mixing ratios exceeding the mean mixing ratio of 
the dataset, 1.68 parts per billion by volume (ppbv). Low SO2 events (types A and C) did not 
exceed this mean. Type E events were ascribed to primary pollution plumes as determined 
by aab values or NO mixing ratios above the dataset averages of 3.39 Mm'1 and 0.8 ppbv, 
respectively. Type E events are evaluated independent of event duration. 
Growth Rates 
Observed. The growth rates of newly formed particles were calculated from a linear 
regression analysis of the geometric mean diameter of the size range between 6 and 60 nm 
versus time during the events [Held et al, 2004]. The regression coefficients (R2) for these 
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calculations ranged from 0.81 to 0.98, indicating the likely regional nature of these events as 
shown in other studies utilizing multiple sampling locations [Kulmala et al, 2004] that 
indicated these events can occur over hundreds of kilometers in a given air mass. However, 
it should be noted that during three of the events, a shift was seen in growth rate so that the 
event was split into two periods. Within each period, the growth remained highly linear. No 
changes in other observed variables corresponded to these shifts in growth rates, suggesting 
the changes result from other controlling factors, such as changes in concentrations of 
condensable vapor(s) not measured in this study. 
Theoretical. Theoretical growth rates were calculated from concentrations of 
condensable vapors, ignoring coagulation of small particles as a possible growth mechanism 
[Kulmala et al, 2001, Riipinen et al, 2008]. The relationship between the concentration of a 
condensable vapor (cz, mol m") and the radial growth rate (dr/dt, m s") is given by [Kulmala 
etal, 2001] 
dr Mzfi.vDzCj 
dt r p 
where Mz is the molar mass (g mol"1) of condensing vapor z, PM [Fuchs and Sutugin, 1970] is 
the mass transfer correction factor (dimensionless), Dz is the molecular diffusivity (m2 s"1) of 
condensing vapor z, r is the particle radius (m), and p is the particle density (g m"3). An 
assumption of steady-state with regard to cz was considered valid when the PSD evolution 
was continuous, as seen during all event days [Held et al., 2004]. Under these conditions, the 
production (Pz, mol m"3 s"1) and loss rates (Lz, mol m"3 s"1) of condensing vapor z are equal, Pz 
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= Lz. Estimation of Pz is possible from the concentration of precursor species and appropriate 
rate constants and stoichiometric yields. The loss rate, Lz, is estimated as the product of cz 
and its condensation sink, CondSz (s"1) [Pirjola etal., 1999], which quantifies the tendency of 
a vapor to be taken up by preexisting particle surfaces, 
Cond Sz= 4 it D2 £ ps r, N} (2) 
where /?; is the mass transfer correction factor (dimensionless) specific to size bin j , rj is the 
particle radius (m) of size bin j , and TV) is the PN concentration in size bin j [m ]. This 
calculation assumes inherently an accommodation coefficient of unity. With calculated 
values for CondSz, cz can be calculated as the ratio of Pz to CondSz if Pz can be estimated. 
The Pz for each condensing species can be found as 
**= £i * « J * * * , I M M (3) 
where aZ:Xj is the molar stoichiometric factor for formation of gas z from oxidation of parent 
species x by oxidant I [Finlayson-Pitts and Pitts, 2000; Griffin et ai, 1999; Henze and 
Seinfeld, 2006; Karl et ai, 2004; Lee et al, 2006; Ng et ai, 2006; Ng et al, 2007; Seinfeld 
and Pandis, 1998], kxj is the reaction rate coefficient between x and / (m mol" s" ), and 
brackets represent molar concentrations (mol m"3). 
Calculations of cz were performed using measured mixing ratios of SO2, toluene, 
isoprene, and terpenes. Values of /?M and /?, were calculated based on the observed particle 
sizes; Nj values were also taken from observations. The value of drldt is independent of the 
choice of a value for Dz because it cancels algebraically; for calculation of CondSz, however, 
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the value of 1E-5 m2 s"1 is used. A constant aerosol density of 1.3E6 g m"3 is assumed. For 
toluene and SO2, the only oxidant considered is the hydroxyl radical, the concentration of 
which is assumed to be 1E6 molecules cm"3. For terpenes and isoprene, O3 was also 
considered as an oxidant; measured mixing ratios were used. As a proxy for all terpenes, the 
parameters associated with a-pinene were used, as this compound has been implicated 
previously in nano-particle growth in the area [Russell et ah, 2007]. 
Nucleation Parameter 
It has been shown that lower temperatures and absolute humidity increase nucleation 
potential. In addition, increased irradiance in the 320-400 nm wavelength range has been 
correlated to occurrence of nucleation [Boy and Kulmala, 2002]. A nucleation parameter is 
useful to evaluate quickly the nucleation potential for any given day and was calculated 
utilizing the ambient temperature and absolute water concentration data from Thompson 
Farm. The values of jwoi are utilized as proxies for irradiance in the 320-400 nm wavelength 
range. The nucleation parameter (Np, m3 s"1 g"1 K*1) is defined by [Held et al., 2004] 
Np=jNQ2/aT (4) 
where a is the absolute humidity (g m"3) and T is the absolute temperature (K). These three 
parameters are measured at 16 m agl. 
Air Mass Backward Trajectories and Photochemical Age 
13 
Air mass backward trajectories for the PN events were calculated using the NOAA 
HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [Draxler and 
Rolph, 2003]. The model was configured to simulate vertical and horizontal velocity for 72 
hours starting at 500 m agl from Thompson Farm utilizing GDAS1 meteorological data. 
Photochemical age may be approximated from the ratio of the mixing ratio of total 
oxides of nitrogen (NOx) to NOy, with ratios less than 0.3 indicative of more aged/processed 
air masses [Trainer et ah, 1993; Chin et al, 1994]. In general, NO dominates NOx at this site 
during peak sunlight [Griffin et al, 2007]. Because of the predominance of NO at this site 
during daylight, the ratio of the NO and NOy mixing ratios (NO/NOy) of event days during 




During the sampling period of 9 February to 4 April, 2007, a total of 13 particle 
formation and growth events were observed (Table 1.1). Of these 13 events, seven were long 
lived events (types A and B), three were short lived events (type C, low SO2), and the 
remaining three events were associated with increased primary combustion indicators (type 
E). Of the long lived events, four were type A (low SO2) events and three were type B (high 
SO2) events. An example of a PN event with a PSD showing growth is shown in Figure 1.1. 
Similar figures for all other events are shown in Appendix 1. 
Type A events occurred with approximately half the frequency in this study compared 
to the Ziemba et al. [2006] study for the month of February (2 events in this study versus an 
average of 4.25 events in February over several years); the frequencies were much more 
similar for the month of March (2 events versus an average of 2.5 events). A notable 
increase in the number of type C events was observed for the month of February in the 
current study (2 events versus 0 average events) but less so for the month of March (1 event 
versus 0.25 average events). Type E events occurred with far less frequency for the month of 
February (1 event versus 3.25 average events) and with a higher frequency in the month of 
March (3 versus 0.75). All events frequencies in this study fell within the ranges observed by 
Ziemba et al. [2006] for the month of March and with two exceptions for the month of 
February: an increase in the number of type C events and a decrease in the number of type E 
events. 
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Events occurred between 1300-2400 UTC (0800-1900 local EST), with PN 
concentrations generally increasing after sunrise, between 1000-1400 UTC (0500-0900 local 
EST). The timing of peak PN concentrations varied between 1300-1900 UTC (0800-1400 
local EST). The observed growth rates from these events ranged between 0.9 and 5.5 nm h"1, 
with a mean growth rate of 2.7 nm h"1. These values are consistent with previously reported 
growth rates for rural areas [Held et ah, 2004; Holmes, 2007]. Russell et al. [2007] 
previously reported similar but slightly larger nanoparticle growth rates for this area at 
Appledore Island, ME (off the coast of NH, approximately 30 km southeast of Thompson 
Farm), during the International Consortium on Atmospheric Research on Transport and 
Transformation campaign during summer 2004. Reported growth rates between 3 and 13 nm 
h"1 were attributed to a- and P-pinene oxidation products. 
Beyond confirming significantly decreased availability of pre-existing particle surface 
area, particle composition measurements made by the Q-AMS were not useful for 
characterizing PN events because the newly formed particles did not grow significantly past 
the minimum particle size detectable by the Q-AMS. Table 1.2 indicates the average 
parameters for each identified event in the current study. These include the values used to 
estimate growth rates and to calculate the values of Np. When comparing the events to the 
non-event average, one parameter that stands out as being statistically different is _/NO2 where 
the average during non-events is 0.002 s"1. The minimum jwo2 observed during an event is 
0.005 s"1, clearly indicating the role of photochemistry in the observed formation and growth 
events. In addition to larger jno2, several VOC concentrations are observed to be smaller 
during events than non-events. This would be expected during daylight periods of increased 
photochemical activity. This is supported by generally larger O3 concentrations during 
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events than non-events, particularly in March. It must be noted that these VOC 
concentrations as well as NO and NOy are also anticipated to be smaller because the events 
occur in relatively clean air masses (as indicated by the backward trajectories). 
Although no measurements of chemical composition of particles of small size are 
available in this study, calculated theoretical growth rates from the oxidation of SO2, toluene, 
isoprene, and terpenes can be used to hypothesize the chemical nature of the particles. 
Growth from these species can account for only 1.3 to 33% of the total observed particle 
growth, indicating that the bulk of the particle growth must be attributed to species other than 
those considered (Table 1.3). 
The largest contributor to the overall simulated growth rate is not consistent among 
all events. During six of the 13 events, SO2 was found to contribute most to simulated 
growth, most notably on 12 March and to a lesser extent on 27 February. Both events were 
associated with increased primary combustion indicators (type E events). The third type E 
event in this study, 21 March, shows the largest contribution to the calculated growth rate 
from terpenes, rather than SO2, which is the second most important species. Isoprene is also 
a relatively significant contributor compared to SO2 (0.012 nm hr"1 and 0.015 nm hr" , 
respectively) on this day. Type B events showed a similar trend, with SO2 contributing the 
most to the estimated growth rate but with significant inputs of terpenes and isoprene for all 
three event days. Similar results are seen for the 11 February type A event, likely because of 
the temporal proximity of this event to the 10 February type B event. The remaining type A 
and C events showed no consistent trends. However, it appears that terpenes and isoprene 
are both important in early February, while terpene values fall to near zero in late March. 
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All events initiated particle growth during daylight hours (1500-2100 UTC, 1000-
1600 local EST), suggesting a photochemical mechanism for formation/growth of particles. 
Nucleation parameters calculated for all events in this study yielded an event day average of 
18.5 ± 8.9E-6 (SD) m3 g"1 K"1 s"1 compared to the non-event day average value of 13.9 ± 
16.8E-6 (SD). Larger Np values have been suggested to favor formation/growth events [Boy 
and Kulmala, 2002], driven by relatively increased irradiance or decreased temperatures or 
absolute humidities. However, the overlapping ranges of the Np values for event days, 6.6 to 
37.4E-6 (Table 1.3), and non-event days, 0.1 to 104.3E-6, do not support this. The effect of 
the Np may be secondary. For example, days characterized by large Np values may also be 
associated with small cz values or enhanced pre-existing surface area concentrations, thereby 
inhibiting growth. The inverse may also be true. 
Calculated values for the NO/NOy ratio for all event types were found to be similar to 
those values found for the PN events identified by Ziemba et al. [2006], suggesting 
equivalent photochemical aging in the air masses affecting the site in this study. Except for 
one type E event, the values included in Table 1.2 are all less than 0.3, showing consistently 
processed air masses regardless of event type not associated with primary combustion. 
Based on backward trajectories, all observed events occurred in air masses originating 
from northwestern to northeastern Canada, with one event originating off the east coast of 
Greenland (25 February 2007). Transport to the site for all events was from the northwest, 
except for the event on 21 March 2007, which was transported to the site from the northeast. 
Type A events from Ziemba et al. [2006] had similar source regions to the source region of 
all the events from this study. However, the Ziemba et al, [2006] study showed the source 
region of the Type B, C, and E events mainly from the southeast, with type B and C events 
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indicating variable transport, with air masses traveling over Boston, MA, and the eastern 
seaboard or along the coast of Maine, and type E events originating from along the eastern 
seaboard. Having observed only clean, photochemically aged air masses influencing the site 
in this study, as well as maintaining the event frequencies previously observed by Ziemba et 
al. [2006], the discrepancy in source area of air masses between these two studies suggests 






In an effort to determine the strongest influences on particle formation and growth, a 
series of regression analyses was performed using the observed growth rate for each event as 
the x variable and the parameters included in Table 1.2 and the values of Np from Table 1.3 as 
the y variables. The only parameters for which the R2 were greater than or equal to 0.3 were 
NOy and total terpenes (0.30 and 0.32, respectively). These regressions are shown in Figure 
1.2. These values indicate that regressions are not able to explain the observed growth; 
however, they do indicate that the growth likely is related to either anthropogenic (type E) 
emissions or biogenic (all other types) emissions. The stronger relationship with terpenes 
compared to isoprene indicates either the higher propensity for terpenes to form aerosol 
relative to isoprene or that a missing source is more similar to terpenes than isoprene in its 
emission pattern. 
Event Sources/Precursors 
When data were available, estimated theoretical growth rates from oxidation products 
of SO2, toluene, isoprene, and terpenes together were found to account for 1.3 to 33% of the 
total observed particle growth. This range increases only slightly when two moles of 
ammonia are included for every mole of sulfuric acid formed from oxidation of SO2. 
Because of the clean air observed during events and the lack of proximate anthropogenic 
20 
sources to the north, the remaining 67 to 98.7% of the observed particle growth is believed to 
be generated from other biogenic sources, most likely secondary in nature given the small 
particle size. The meteorology also likely precludes marine influences on new particle 
formation and growth [O'Dowd et al., 2002]. 
For example, in a study of particles over a coniferous forest, Rissanen et al. [2006] 
observed n-alkanes, polycyclic aromatic hydrocarbons and their oxidation products, and 
sesquiterpenes and their oxidation products. If it is assumed that sesquiterpene oxidation 
products cause the missing growth, equations (1) through (3) can be used to estimate the 
required concentration of sesquiterpene (modeled as P-caryophyllene). The required mixing 
ratios fall between 0.7 and 10.1 pptv with a mean value of 4.1 pptv. Ambient measurements 
of sesquiterpenes are scarce due to the high reactivity of these compounds in the atmosphere. 
However, the theoretical values calculated above fall well below values reported from orange 
groves in Spain [Calougirou et al, 1997], indicating the feasibility of sesquiterpene 
oxidation leading to the observed particle growth. 
A second potential source for organic particle growth is amines. Amines can act as a 
base to neutralize any sulfuric acid in the particles that is not neutralized by ammonia. For 
example, recent measurements made in a boreal forest found that nanoparticles were found to 
be enriched in dimethylamine [Makela et al., 2001], raising the possibility of nanoparticle 




PN concentration events at Thompson Farm (identified using the criteria of Ziemba et 
al. [2006]) have been shown to be associated with formation and growth of particles in the 
nuclei mode. During the events, particles do not grow to an extent that they can be 
characterized chemically by a Q-AMS. Theoretical calculations indicate that oxidation of 
SO2 and several volatile organic compounds is not significant enough to account for 
observed growth. Event occurrence (though not in terms of strength as quantified by particle 
growth rates) appears to be driven by strong irradiance. Growth is likely also driven by 
anthropogenic activities during events of type E (as indicated by the regression with NOy); 
other periods are likely driven by a species with emission patterns similar to those of 
terpenes. While realistic hypotheses (sesquiterpene oxidation and amine chemistry) are 
offered to explain the residual growth, future work is needed to identify and quantify the 
precursor species contributing to nanoparticle growth at Thompson Farm. Such 
measurements may include gas-phase ammonia and amines and nanoparticle composition by 

























































































Table 1.1 Event Occurrence and Duration: Start and end times, duration, and event 
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Figure 1.1 Example PSD of a Growth Event: Example PSD for 25 February 2007 during 
which a PN event was identified based on the criteria of Ziemba et al. [2006]. 
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Figure 1.2 Growth Rate Regressions: Regressions of observed nanoparticle growth rate 
versus mixing ratios of NOy and terpenes. 
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Part II 
Characterization of Organic Atmospheric Particulate Matter at a Rural New England Site 
CHAPTER VI 
INTRODUCTION 
Atmospheric particulate matter (PM) is a major focus of research due to the ability of 
the particles to affect the planet's radiative balance, influence visibility, and cause adverse 
health effects [Charlson et al, 1992; Dockery et al, 1993; Holmes, 2007; IPCC, 2007]. 
Visibility degradation is an increasingly severe problem, affecting air traffic and national 
parks. The health effects associated with short-term exposure to high levels of PM include 
aggravation of preexisting cardio-pulmonary conditions such as asthma and arrhythmias, 
while those associated with long-term exposure are reduced lung function and increased 
susceptibility to pulmonary diseases [Pope, 2000]. Such effects have prompted the creation 
of PM air quality standards around the globe; the United States Environmental Protection 
Agency currently regulates the mass concentrations of both PM2.5 and PM10 (PM with 
diameters smaller than 2.5 micron and 10 micron, respectively). Radiative forcing of the 
Earth occurs through both direct and indirect pathways, where direct forcing occurs as a 
result of extinction by particles and indirect forcing arises from changes in clouds due to 
activation of PM into cloud condensation nuclei (CCN) or by PM acting as ice nuclei (IN) 
[Charlson et al, 1992; Ramanathan et al, 2001]. Currently, calculated radiative forcings are 
subject to large uncertainties in global climate change estimations [IPCC, 2007]. Therefore, 
improved understanding of the distribution, composition, and transport of atmospheric PM is 
of the utmost importance. 
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There are two mechanisms by which PM enters the atmosphere, direct emission 
(primary material) and secondary formation, during which precursor species react to form 
vapors that condense onto preexisting PM or form new particles. Historically, much focus 
has been placed on studying the inorganic composition of atmospheric PM, but because a 
significant fraction of PM is carbonaceous, more emphasis has been placed recently on this 
fraction [Turpin andLim, 2001, Pio et al, 2001]. 
Carbonaceous PM can be broken down into two fractions, elemental and organic 
carbon, operationally defined by a thermo-optical method [Birch and Cary, 1996]. Figure 
II. 1 shows an example experimental run with the carbon types labeled. Organic carbon (OC) 
in this method is defined as the fraction of carbon combusted under a helium atmosphere, and 
elemental carbon (EC) is defined as being the carbonaceous material that does not combust in 
a helium atmosphere and does not combust before the laser transmittance reaches its initial 
value in a 2% oxygen-helium atmosphere. All carbon combusted before this point in a 2% 
oxygen-helium atmosphere is considered pyrolitically produced EC (PC) arising from the 
conversion of OC to EC at high temperatures. EC is composed essentially of pure carbon, 
with a structure similar to that of graphite [Duan et al, 2007], and OC is composed of a 
complex mixture of hydrocarbons and oxygenated organic species containing a wide range of 
functional groups [Alves et al, 2007; Gilardoni et al, 2007]. EC provides a large surface for 
many atmospheric reactions [Gundel et al., 1989], may influence rainfall regional patterns 
[Menon et ah, 2002], and is thought to contribute to climate forcing through absorption of 
outgoing longwave planetary radiation [Ramanathan et al., 2001]. The sum of the OC and 
EC is defined as total carbon (TC). Note that other operational definitions for carbonaceous 
aerosol segregate this material into OC and black carbon (BC) rather than EC. This 
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definition is based on optical rather than thermal properties, such that material absorbing 
565-nm-wavelength light is classified as BC; this includes materials that partially absorb at 
this wavelength. 
The composition of the atmospheric OC can be further sub-divided into two groups, 
water-soluble organic carbon (WSOC) and water-insoluble organic carbon (WISOC). 
WSOC is an important fraction of the OC because it dictates the hygroscopicity and surface 
tension [Kiss et al., 2005] of the aerosol and greatly influences the likelihood of activation 
into CCN [Novakov and Corrigan, 1996; Saxena et al., 1995; Facchini et al, 1999]. The 
overall hygroscopicity of the organic aerosol is determined by the functional groups, 
examples of which include carbon-carbon double bonds, aromatic rings, alcohols, carboxylic 
acids, and nitrogen and sulfur containing moieties, associated with the organic compounds 
comprising the aerosol. It is the hydrophilic or hydrophobic nature of the functional groups 
comprising the individual organic compounds that determines the water solubility of the OC. 
Incorporation of new components and chemical aging of the aerosol changes the proportions 
and types of functional groups present; therefore, it is important to understand the overall 
composition and character of OC to assess properly aerosol physicochemical properties. 
WSOC is also thought to be linked strongly to secondary organic aerosol (SOA) formation 
[Hennigan et al, 2008]. 
This study focuses on a year-long dataset associated with bulk PM collected on daily 
filters at a rural New England site. Measurements of OC, EC, and WSOC were made to 
investigate the temporal variability of the character of OC at the site. Functional group 
analysis was performed utilizing proton nuclear magnetic resonance ('H-NMR) spectroscopy 
to determine the relative proportions within WSOC of five different types of functional 
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groups: aliphatics, aromatics, alkenes, oxygenated constituents (alcohols, ethers, and esters), 
and vinylic structures. These functional group proportions in the aerosol influence particle 
hygrosopicity, with oxygenated compounds and unsaturated groups increasing the 





Filter samples between 22 August 2007 and 24 June 2008 were collected at 
Thompson Farm (TF) through the UNH-National Oceanic and Atmospheric Administration 
(NOAA) AIRMAP Cooperative Institute (henceforth referred to simply as AIRMAP) 
[DeBell et al, 2004a]. The site is located at 43.1092°N, 70.9484°W, 24 m above sea level in 
Durham, NH. Thompson Farm is surrounded by mixed forested areas and open fields. 
Industrial and agricultural activities of the Ohio River valley and the midwestern United 
States, emissions from urban centers along the Atlantic seaboard, emissions from the Atlantic 
Ocean, and emissions from high latitude areas of northern New England and Canada all 
affect the site depending on wind direction and synoptic conditions [Angevine et al, 2004, 
DeBell et al, 2004b, Keim et al, 2005]. 
Measurements between 3 July 2008 and 13 August 2008 were taken at the second 
UNH Observing Station at Thompson Farm (TF2), located at 43.1078°N, 70.9517°W at an 
elevation of 39.9 m. The site is also characterized by mixed forest. Most of the air quality 
measurements are derived from air sampled from the top of a 24.4-m tower above the forest 
canopy. The site is located close enough to the original site (0.306 kilometers) that they are 
influenced by the same air masses. 
Sample Collection 
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Samples were collected on Pallflex Tissuquartz 90-mm quartz fiber filters that had 
been pre-baked in an oven at 600°C for 24 hours. The prepared filters were preloaded into 
cartridges that had been triple rinsed in deionized water and heat sealed in plastic bags until 
they were needed for sample collection. Filters were run continuously for 24 hours at an 
average flow rate of 19.3 liters per minute. Collected samples were subsequently stored at 
-4°C in disposable Petri dishes sealed with Teflon® tape. Blanks were collected once per 
week by insertion of a sample filter into the sampling configuration for five minutes with no 
flow. 
Instrumentation and Analysis 
OC/EC Analysis 
A thermal-optical carbon aerosol analyzer operated with National Institute of 
Occupational Safety and Health Method 5054 was used for analysis of OC and EC [Birch 
and Cary, 1996]. A 1.5-cm2 area filter punch was run in the instrument under standard 
parameters described in detail by Birch and Cary [1996]. The instrument operates by 
ramping the instrument temperature up a series of steps to 850°C under a helium atmosphere. 
A brief burst of helium is then used to cool the instrument, and the temperature is then 
ramped up to 940°C under a 2% oxygen and helium mixture. The filter transmittance is 
measured continuously with a laser to correct for any OC pyrolytically converted into EC 
during the temperature ramping in the helium atmosphere. This correction is accomplished 
by subtracting out the carbon produced during the second temperature ramping phase in the 
2% oxygen helium atmosphere until the laser transmittance is back to base level. Therefore, 
the total OC measurement is the sum of the carbon detected in the helium environment 
during the temperature ramp to 850°C plus the pyrolytically produced EC. The EC 
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measurement is defined as the fraction of carbon detected under the 2% oxygen and helium 
atmosphere after the laser transmittance has returned to its base level. A burst of a 5% 
methane helium mixture is used as an internal standard at the end of the sampling run. 
Figure II. 1 shows a schematic view of the instrument run and subsequent breakdown of 
carbon classes. External standards were also used, where blank filters were spiked with a 
mixture of deionized water and succinic acid at a known concentration at the beginning of 
each analysis run. The operational range of this method is 0.085 to 23 [igC/m3 with reported 
accuracy and precision of ±16.7% and 0.085 [AgC/m3 at the upper detection limit, 
respectively (NIOSH, 1994). 
wsoc 
Water-soluble organic carbon was measured on a subset of 184 of the samples from 
the data set with a Sievers 800 turbo portable total organic carbon analyzer. Four filter 
sample punches 1.5 cm2 in area were extracted passively into 10ml of 18.2 Q deionized 
water for 10 minutes and then mechanically for 10 additional minutes in a centrifuge. The 
resulting extract was then decanted into a new vial and analyzed. Remaining sample was 
stored for future analysis. The operational range of the instrument is 10 ppb to 2.5 ppm 
carbon in water with ±5% accuracy and precision at 2 ppm and ±15% precision at 200 ppb. 
Any samples above the detection limit were subsequently diluted to fall within the 
operational range. 
^-NMR 
A subset of 110 of the samples from the data set were run on a Varian Unity ENOVA 
500 MHz NMR with an inverse probe utilizing a D2O solvent. Samples were prepared from 
extractions of two 1.5-cm2 punches into 5ml of 18.2 Q deionized water, as in the WSOC 
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analysis. Following extraction, samples were freeze dried in a vacuum for at least eight 
hours and then re-suspended in 1 ml of high purity (99.999%) D2O and transferred to 
Wilmad 535-PP 5-mm NMR Tubes for analysis. A presaturation routine was employed to 
suppress the residual HOD peak from the D2O solvent utilizing a PRESAT sequence. 
Following presaturation, 1024 scans were acquired for each sample. 
The raw spectra were baseline corrected utilizing a 5th order polynomial, and a line 
broadening of 0.5 was applied to all samples. The resulting spectra were integrated over the 
following ranges, which were modified from Tagliavini et al. [2006]: 0.60-1.80 (aliphatic 
hydrogen, R-/7); 1.80-3.20 (hydrogens a to unsaturated carbons, =C-C-H); 3.20-4.00 
(alcoholic, estereal, and ethereal hydrogens, O-C-H); 5.00-5.50 (vinylic and acetalic 
hydrogens, =C-H and O-CH-O); and 6.60-8.20 (arylic hydrogens, Ar-H). Figure n.2 shows 
an example spectrum collected during this analysis. 
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CHAPTER VIE 
RESULTS AND DISCUSSION 
Annual Analysis 
Samples were collected over a one-year period, August 2007 to August 2008. Table 
II. 1 shows the statistics for the entire data set, with details provided in Appendix 2. The 
mean ± standard deviation, maximum, and minimum OC, EC, and TC values for the 
sampling period were as follows: 2.86 ± 2.28, 15.36, and below detection limit u.gC/m3 of 
OC (N = 244); 0.24 ± 0.19, 1.49, and below detection limit ngC/m3 of EC (N = 244); and 
3.10 ± 2.44, 16.85, and 0.01 ngC/m3 of TC (N = 244), respectively. The mean, maximum, 
and minimum measured values of WSOC were 2.05 ± 0.80, 4.02, and 0.57 ngC/m3 (N = 
125), accounting for 60%, on average, of the total OC concentration, with a range of 10% to 
119%. The maximum WSOC/OC value here is larger than 1.0 due to the measurement 
uncertainties of both measurements. 
Contributions of secondary organic carbon (SOC) were calculated utilizing the 
method of Turpin and Huntzicker [1995] in which 
SOC = OCtotai-ECx(OC/EC)primary (1) 
where OCtotai is measured OC, EC is measured EC, and (OC/EC)primary represents the 
emission ratio of primary OC to EC and is taken as the 5th percentile of the OC/EC ratios 
within a season. Winter was defined as December through February, and summer was 
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defined as June through August. The (OC/EC)primary values used were 2.32 (summer), 5.23 
(fall), 8.64 (winter), and 6.76 (spring). Different values were used each season based on the 
hypothesis that combustion sources in the northeastern United States strongly depend on 
weather and local activities (e.g., increased wood burning for home heating in winter). 
Calculated values of the percent of OC that is primary organic carbon (% POC) and the 
percent of OC that is SOC (% SOC) accounted for 45.15% and 54.85% of the total OC mass 
for the year, respectively, with a standard deviation of 23.18% (Table III) . The mean 
concentrations of SOC and POC were 1.56 ugC/m3 and 1.38 [AgC/m3, respectively. Values 
of EC, SOC, and POC over the year are shown in Figure II.3. 
Seasonal Analysis 
Measured and Calculated Carbonaceous Values 
Seasonal values of OC measured in this study show a distinctive trend, with the 
highest values occurring in the winter and fall months (3.57 and 3.34 ^igC/m3, respectively) 
as shown in Table U.2. The spring months showed significantly decreased values of OC 
compared to the winter and fall (2.93 [xgC/m3), and the summer months exhibited even 
smaller values (1.43 ngC/m3). Comparable trends were observed for TC values. EC was 
observed to be highest in fall (0.47 \igC m3), lowest in summer (0.14 ugC/m3), with winter 
and spring in between (0.30 and 0.24 ugC/m3, respectively). These values are also consistent 
with reported values for other locations around the globe [Duarte et al, 2007]. As a 
percentage of TC, OC and EC were relatively stable all four seasons, with EC and OC 
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accounting for approximately 10% and 90%, respectively. This seasonal distribution is 
shown in Figure II.4. 
Measured WSOC in summer months displayed the highest mean value with (2.54 ug 
C m~3), with fall and winter exhibiting comparable mean values (2.12 and 2.13 ugC/m3) and 
spring the lowest (1.93 ugC/m3). Again, note that not all samples were analyzed for water 
solubility. As a percentage of OC, the trend differed slightly, with summer (71%) and fall 
(60%) displaying the highest values and winter (56%) and spring (51%) displaying the 
lowest. WSOC has been shown to be linked strongly with SOA [Hennigan et al., 2008, 
Docherty et al, 2008], an example of which is found in the study by Saxena et al. (1995), 
which showed a strong positive effect of organics on water uptake for rural aerosols, with 
negative effects observed for urban aerosols. 
Calculated values of SOC and POC displayed different trends and were highly 
variable (Table II.2). SOC values were largest in the fall and spring (2.11 and 1.38 ugC/m3) 
and smallest in the summer and winter (1.15 and 1.09 ugC/m3), and POC values were largest 
during the winter and spring (2.59 and 1.71 ug/m ) and smallest in the fall and summer (1.39 
and 0.29 ugC/m3). As a percentage of OC, SOC was highly variable, with the range of 
values (% SOC) for the summer (79.6%), fall (57.3%), spring (43.9%), and winter (36.0%). 
Weekday/Weekend Analysis 
Weekday and weekend differences were examined by comparing the measured and 
calculated carbonaceous parameters (Table II.3) for each season. Differences between 
weekend and weekday measured and calculated carbonaceous were also examined by 
looking at the difference between weekend and weekday mean values as a percentage of the 
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seasonal average (Table II.4), where the percent difference from the seasonal mean (%A) is 
defined as 
*w * {(Weekend Mean— Weekday Mean)! , __ ._. 
%A = " » 100 (2) 
L Seasonal Mean J 
For the summer, weekdays displayed larger average concentrations of OC, TC, and 
POC compared to weekends (Table II.3). EC and SOC values were essentially equal on 
weekends and weekdays. WSOC and WSOC/OC were larger on weekends compared to 
weekdays. Note the small number of samples of WSOC for the weekends (N = 2) may not 
be representative of weekends for the whole season. Additionally, the combined 
measurements uncertainties from the WSOC and OC measurements may skew the statistics 
and explain the WSOC/OC maximum values greater than unity shown in Table II.3. The 
average percentages of SOC were larger on the weekends versus the weekdays. The average 
EC/TC values were equal with both periods displaying similar ranges for this value. The 
OC/EC ratio was more variable with weekends having larger mean values as well as larger 
maximum values, suggesting an increased influence of photochemistry during these periods. 
The percentage difference from seasonal values (Table II.4) for the summer showed values of 
WSOC, WSOC/OC, OC/EC, POC and % POC are larger on weekends, with EC/TC values 
larger on weekdays. Here only those percent differences greater than five percent are treated 
as significant. 
During the fall, average values of OC, EC, TC and POC were larger on weekdays, 
with average values of SOC equal for both weekdays and weekends (Table H3). The 
maximum and minimum values of SOC were larger on weekdays, however. WSOC values 
were again larger during weekends, only with a larger number for samples (N = 14) 
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compared to summer. However, the observed ranges in values were similar for weekends 
and weekdays. The WSOC/OC ratio for both weekends and weekdays were similar, with 
larger maximum values observed on weekdays. Again the maximum ratio in excess of 1.0 
indicates that measurement uncertainties influence the statistics. The calculated % POC was 
also found to be larger during weekends, as were the ranges for both % POC and % SOC 
during this period. The average values of OC/EC were similar between weekends and 
weekdays, with a larger range in values observed on weekdays. EC accounted for a larger 
proportion of TC during weekdays and also showed a larger range. An anomalous weekday 
EC measurement (October 3, 2007) is responsible for the large discrepancy; however, 
without including this one measurement, EC and EC/TC are still larger during weekdays. 
The percentage difference from seasonal values for the fall (Table II.4) indicated larger 
values of WSOC and % POC on weekends and larger EC, TC and EC/TC values on 
weekdays. 
Wintertime variations between weekdays and weekends were distinct from the 
summer and fall trends, with weekends displaying a larger value for WSOC, OC, EC, TC, 
SOC, POC, and WSOC/OC (Table II.3). The EC/TC values were equal on weekends and 
weekdays, with weekends displaying a larger maximum value. Mean OC/EC values are 
higher on weekdays with the range smaller on weekends. POC as a percentage of OC (% 
POC) was dominant during both weekends and weekdays. However, weekends show larger 
values of % POC, with a much larger minimum value compared to weekdays. The 
percentage difference from seasonal values for the winter (Table E.4) displayed larger 
weekend values for WSOC, OC, EC, TC, WSOC/OC, EC/TC, SOC, POC, and % POC, and 
larger weekday values of OC/EC and % SOC. 
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Springtime variations were similar to those observed in the winter, with WSOC, OC, 
EC, TC, SOC, and POC values largest on weekends (Table II.3). The SOC and POC values 
were larger on weekends, but the % SOC and %POC values were nearly identical between 
weekdays and weekends. The EC/TC and OC/EC ratios also indicate EC is essentially the 
same on weekends and weekdays. The maximum OC, EC, and TC values on weekdays are 
much larger due to a single day (May 9, 2008) having much larger values. The WSOC/OC 
ratio was larger on weekdays. The percentage difference from seasonal values for the spring 
(Table II.4) showed larger values on weekends for EC/TC, SOC, and % POC and larger 
weekday values of WSOC/OC, OC/EC, and %SOC. 
^-NMR Analysis 
The averaged results of the ^-NMR integrations are shown in Figure II.5. Similar 
WSOC compositions were found at a rural site in Portugal by Duarte et al. [2007] using a 
technique based on 13C-NMR. For the data set as a whole, the hydrogen composition of the 
aerosols consisted of 43% aliphatic hydrogen (hence forth referred to as functional group 1) 
and 32% of hydrogen atoms alpha to unsaturated carbons (functional group 2), with ethereal, 
estereal and alcoholic hydrogen contributing 19% (functional group 3). The remainder 
consisted of a small portion (0.23%) of vinylic and acetalic hydrogen atoms (functional 
group 4) and arylic hydrogen atoms (6.3%) (functional group 5). Other statistical values for 
the functional groups are displayed in Table II.5. 
The average seasonal compositions of the aerosol functional groups (Table II.6) 
display different trends between the five groups. During the summer months, the functional 
group composition displayed large decreases of seasonal mean values in functional groups 4 
43 
and 5 (9.54% and 39.53%) compared to the mean annual values, as well as a 6.31% increase 
in functional group 3 seasonal mean values from annual mean values (Table II.7). Functional 
groups 1 and 2 showed percent variations of less than five percent of seasonal mean values 
from the annual means; these values are not statistically significantly different because of the 
uncertainties associated with these measurements. Percent variations greater than two 
percent were not observed for any of the functional groups in the fall. Winter months 
displayed increased mean seasonal values in functional groups 3, 4, and 5 (9.21%, 55.26% 
and 29.00%) compared to the annual mean values, with a decrease in the mean seasonal 
value of functional group 2 (5.64%) compared to the annual mean value. The springtime 
displayed decreases in both functional group 3 and 4 from seasonal values (10.29% and 
39.51%) from annual mean values, with a corresponding increase in the functional group 5 
seasonal mean value (5.27 %) versus the annual mean value. 
Daily variations of the XH NMR functional groups were relatively large and are 
shown in Figure H.6. Functional groups 1, 2 and 3 displayed absolute differences of over 
20% (Table II.5) in measured values during the sampling period, with functional group 5 
displaying an absolute range of 18.95% difference in values (Table II.5). During most of the 
sampling period (74/107 samples), functional group 4 did not contribute measurably to the 
composition of WSOC at the site, with an absolute range of values between 0.06% and 
1.98% observed for the rest of samples (33/107 samples). This suggests that contributions of 
functional group 4 to WSOC composition sporadically influence the site to a very minor 
degree. Overall, the daily variations wash out when seasonal means are calculated. 
Relatively small differences between the seasonal means suggests that the driving factors 
affecting WSOC composition are not seasonally related. 
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Weekday and weekend variations between functional groups were also investigated, 
with the resulting values shown in Table II. 8. Functional group 1 was the most stable class 
between weekdays and weekends for all of the seasons, with only the fall displaying a 5.34% 
greater percentage of seasonal values (calculated as in equation 2) on the weekdays (Table 
II.9). Other seasons displayed less than a five percent difference between weekdays and 
weekends. Functional group 2 displayed increased percentages of seasonal values in the 
winter on the weekdays (16.73%) and in the summer on the weekends (8.51%). For both the 
winter and spring, functional groups 3, 4 and 5 all displayed larger percentages of seasonal 
values on the weekends, with functional groups 4 and 5 showing increased weekend 
percentages during the fall as well. During the summer, functional group 4 was larger on 




Samples were collected over a one-year period from August 2007 to August 2008 
from a rural area in the northeastern United States. Measurements were made of OC, EC, 
TC, WSOC, and the !H-NMR spectra of the samples; POC and SOC contributions to OC 
were calculated. Temporal analysis revealed that the carbon composition varied largely 
between primary and secondary organic carbon between seasons but little between EC and 
OC. 
Functional group analysis of the water-soluble organic PM revealed a relatively stable 
composition of this fraction on a seasonal basis, with higher variability observed between 
daily samples. Changes in structure but not functionality or a size dependence on 
composition may exist but may be missed due to the nature of the !H-NMR analysis. 
Similarly, absolute concentrations of the different WSOC groups may fluctuate between 
seasons but may be missed due to the relative comparison used between samples. Further 
work is needed to determine the exact nature of the composition and functionality of the 
organic PM at the site through investigation of size-dependent composition and functional 
group distribution. In addition, increased temporal resolution is required to aid in the 
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OC EC TC EC/TC OC/EC SOC POC % POC %SOC 
Summer -4.27 -1.70 -4.05 
Fall -1.96 -74.43 -10.88 
Winter 21.25 21.97 21.30 
















Table II.4 Weekday/Weekend Difference of Measured and Calculated Carbonaceous 
Values from Seasonal Means: Percent differences between weekends and weekdays from 
the seasonal means calculated from equation 2. Negative values indicate larger values on 
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Table II.5 *H NMR Annual Values: *H NMR measurements taken from TF and TF2. 
Functional groups one to five represent Aliphatic Hydrogens, Hydrogens Alpha to 
Unsaturated Carbons, Alcoholic/Estereal/Ethereal Hydrogens, Vinylic/Acetalic Hydrogens, 
and Arylic Hydrogens, respectively. 
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Summer Functional Functional Functional Functional Functional 





























































Table II.6a 1H NMR Seasonal Values: Summer: !H NMR measurements taken from TF 
and TF2. Functional groups one to five represent Aliphatic Hydrogens, Hydrogens Alpha to 
Unsaturated Carbons, Alcoholic/Estereal/Ethereal Hydrogens, Vinylic/Acetalic Hydrogens, 
and Arylic Hydrogens, respectively. 
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Fall Functional Functional Functional Functional Functional 





























































Table II.6b *H NMR Seasonal Values: Fall: !H NMR measurements taken from TF and 
TF2. Functional groups one to five represent Aliphatic Hydrogens, Hydrogens Alpha to 
Unsaturated Carbons, Alcoholic/Estereal/Ethereal Hydrogens, Vinylic/Acetalic Hydrogens, 
and Arylic Hydrogens, respectively. 
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Winter Functional Functional Functional Functional Functional 





























































Table II.6c *H NMR Seasonal Values: Winter: lH NMR measurements taken from TF 
and TF2. Functional groups one to five represent Aliphatic Hydrogens, Hydrogens Alpha to 
Unsaturated Carbons, Alcoholic/Estereal/Ethereal Hydrogens, Vinylic/Acetalic Hydrogens, 
and Arylic Hydrogens, respectively. 
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Spring Functional Functional Functional Functional Functional 





























































Table II.6d XH NMR Seasonal Values: Spring: !H NMR measurements taken from TF 
and TF2. Functional groups one to five represent Aliphatic Hydrogens, Hydrogens Alpha to 
Unsaturated Carbons, Alcoholic/Estereal/Ethereal Hydrogens, Vinylic/Acetalic Hydrogens, 
and Arylic Hydrogens, respectively. 
61 
Functional Functional Functional Functional Functional 

























Table II.7: Mean Seasonal Difference of 1H NMR Functional Groups from the Annual 
Mean: Percent differences between seasonal means and the annual mean calculated as the 
difference between the seasonal means and annual mean as a percentage of the annual mean 
for !H NMR functional groups. Negative values indicate larger annual values and positive 
values indicate larger seasonal values. 
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Table II.8a Weekday/Weekend *H NMR Values: Summer: !H NMR measurements 
taken from TF and TF2 for weekends and weekdays. Functional groups one to five represent 
Aliphatic Hydrogens, Hydrogens Alpha to Unsaturated Carbons, Alcoholic/Estereal/Ethereal 
Hydrogens, Vinylic/Acetalic Hydrogens, and Arylic Hydrogens, respectively. 
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Table II.8b Weekday/Weekend *H NMR Values: Fall: !H NMR measurements taken 
from TF and TF2 for weekends and weekdays. Functional groups one to five represent 
Aliphatic Hydrogens, Hydrogens Alpha to Unsaturated Carbons, Alcoholic/Estereal/Ethereal 
Hydrogens, Vinylic/Acetalic Hydrogens, and Arylic Hydrogens, respectively. 
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Table II.8c Weekday/Weekend 1H NMR Values: Winter: !H NMR measurements taken 
from TF and TF2 for weekends and weekdays. Functional groups one to five represent 
Aliphatic Hydrogens, Hydrogens Alpha to Unsaturated Carbons, Alcoholic/Estereal/Ethereal 
Hydrogens, Vinylic/Acetalic Hydrogens, and Arylic Hydrogens, respectively. 
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Table II.8d Weekday/Weekend *H NMR Values: Spring: 'H NMR measurements taken 
from TF and TF2 for weekends and weekdays. Functional groups one to five represent 
Aliphatic Hydrogens, Hydrogens Alpha to Unsaturated Carbons, Alcoholic/Estereal/Ethereal 
Hydrogens, Vinylic/Acetalic Hydrogens, and Arylic Hydrogens, respectively. 
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Table II.9 Weekday/Weekend Difference of 1H NMR Functional Groups from Seasonal 
Means: Percent differences between weekends and weekdays from the seasonal means 
calculated from equation 2 for JH NMR functional groups. Negative values indicate larger 






Figure II.l Sample Experimental Run of the Sunset OC/EC Instrument: The black line 
is the temperature profile, indicating the different heating steps. The red line is the laser 
transmittance over time, with decreasing transmittance occurring as EC is pyrolytically 
produced from OC from heating the sample (PC). After cooling, the new 2% oxygen-helium 
atmosphere is introduced, and the sample is reheated, where, when the laser transmittance 
reaches its baseline, an OC-EC split is defined, with all carbon detected beforehand ascribed 
as pyrolytically produced EC (PC) and all carbon detected afterwards ascribed as EC. The 
final step is the introduction of the methane internal standard. Carbonate carbon (CC) may 
also be detected with this method; however no CC was observed during this study. Figure 
taken from NIOSH, 1994. 
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Figure II.2 Example H NMR Spectrum: An example NMR spectrum for the sample 
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Figure II.3 Variation of Measured POC, SOC, and EC: Variation of measured EC and 
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Figure II.4 Mean Variation of POC, SOC, and EC: Mean seasonal variation of measured 
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Summary and Suggestions for Future Research 
New particle formation and growth have been a major focus of research recently, with 
investigations made all over the globe. The location of Thompson Farm is ideal for studying 
nucleation events because it is influenced by a number of different air mass types. This study 
confirms nanometer-sized particles are responsible for the particle number events observed 
previously at the site in the early springtime [Ziemba et al., 2006]. Future work could 
investigate particle growth during other parts of the year when such events were not 
identified. The dominance of northerly air masses occurring in the spring is also cause for 
further investigation, as specific sources for particle precursors have not been identified. 
However, direct measurement of the chemical composition of the nanometer-sized particles 
is essential in order to link emission sources to the creation of these particles. The Aerodyne 
quadrupole Aerosol Mass Spectrometer proved unable to capture the particle bursts even 
after substantial growth, indicating a need for an alternative method of elucidating the 
chemical composition. One such method would be thermal desorption chemical ionization 
74 
mass spectrometry, as employed by Smith et al. [2004] for particles in the nanometer size 
range. 
Measurements of the atmospheric carbonaceous particulate matter (elemental carbon, 
organic carbon, and water-soluble organic carbon) aid in the determination of the different 
sources that influence a site. Calculated fractions of primary versus secondary organic 
carbon also are used widely to help examine different sources that influence a site. While 
these are useful techniques, there are associated issues at sites such as Thompson Farm, 
where multiple sources interact: local and distal sources of both biogenic and anthropogenic 
emissions. Therefore, supplementary measurements aid in determining the character of 
carbonaceous aerosol. One such tool is proton nuclear magnetic resonance spectroscopy 
used to identify functional groups present in the measured aerosol. This analysis showed 
relatively large variations of the bulk carbonaceous aerosol during a one-year period at 
Thompson Farm. Future analysis at this site should focus on identification of individual 
chemical tracers, such as levoglucosan, which is a tracer for wood smoke, as well as on 
investigation of functional groups as a function of particle size. Future work at this site also 
should focus on the size dependence of the chemical composition, as larger particle sizes 
may mask the more numerous small particle signals due to their increased mass per particle. 
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Figure Al.la: PSD of a Growth Event: PSD for 12 February 2007 during which a PN 
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Figure Al.lb: PSD of a Growth Event: PSD for 16 February 2007 during which a PN 
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Figure AI.lc: PSD of a Growth Event: PSD for 23 February 2007 during which a PN 
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Figure Al.ld: PSD of a Growth Event: PSD for 27 February 2007 during which a PN 


















9:00 AM 12:00 PM 3:00 PM 









Figure Al . le: PSD of a Growth Event: PSD for 1 March 2007 during which a PN event 
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Figure Al.lf: PSD of a Growth Event: PSD for 7 March 2007 during which a PN event 
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Figure Al.lg: PSD of a Growth Event: PSD for 12 March 2007 during which a PN event 
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Figure Al.lh: PSD of a Growth Event: PSD for 21 March 2007 during which a PN event 
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Figure Al.li: PSD of a Growth Event: PSD for 23 March 2007 during which a PN event 
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Figure AI.lj: PSD of a Growth Event: PSD for 30 March 2007 during which a PN event 
was identified based on the criteria of Ziemba et al. [2006]. 
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Appendix 2: Measured and Calculated Values 
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Table AII.2: Measured Filter Blank Values: Measured filter blank values (OC, EC, TC 
and WSOC) and calculated values (OC/EC and EC/TC) from the Sunset Labs OC/EC 
instrument and Sievers 800 turbo portable total organic carbon analyzer. 
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